Abstract. There has never been a convincing explanation of the way in which diapirs of molten granite can effectively rise through mantle and crust. We argue here that this is mainly because the country rocks have previously been assumed to be Newtonian, and we show that granitoid diapirs rising through thermally graded power law crust may indeed rise to shallow crustal levels while still molten. 
1, strain rate varies linearly with stress, the constant viscosity is independent of the strain rate, and the fluid is said to be Newtonian. When n is larger than 1, as in most rocks, the relationship between strain rate and stress is nonlinear, and the effective viscosity of the material decreases with increasing strain rates or stress. Although extrapolating the results of laboratory experiments on rock theology to geological systems is difficult (see the thorough discussion by Paterson [1987] ), rock theology determined by these studies probably better approximates the actual behavior than does the simplification to Newtonian behavior. Some recent studies try to assess the effects of powerlaw wall rocks on diapiric rise rate [Morris, 1982; Mahon et al., 1988; Miller et al., 1988; England, 1992] . Mahon et al. [1988] found low ascent velocities for diapirs rising through wall rock of olivine theology at crustal temperatures. Miller et al. [1988] use the theology of Westerly granite to calculate the ascent rate of diapirs and to estimate the strain rates, with which they determine the effective viscosity of the wall rock, on the calculations by Mahon et al. [1988] The equations controling diapiric ascent are integrated numerically to calculate the depth and time of solidification of magmatic diapirs rising through lithosphere with defined geothermal gradients. Several parameters are found to control the ascent. The diapir's velocity, temperature, viscosity, and Peclet and Nusselt numbers are calculated, together with the effective viscosity of the surrounding medium and the thickness of the diapir's thermal boundary layer. The calculations take account of the effects of thermal softening of the wall rock by including the drag correction derived by Daly and Raefsky [1985] . We illustrate the approach by applying our equations to two examples: (1) a diapir with the well-constrained characteristics of the Tara grantdiorite in Australia, ascending through a crust with the properties of Westerly granite [Miller et al., 1988] , and (2) the rise of a 10-km radius mantle diapir from a subducting slab 100 km deep. This diapir rises to the base of a 40-km-thick crust where it triggers the formation of a crustal diapir that ascends through a layered crust. The results indicate that magmatic diapirs may rise through the mantle or lower crust one order of magnitude faster than predicted by earlier studies. In effect, diapirism through power law surroundings can account for magmas reaching shallow crustal levels. In contrast to previous results, we show here that diapirs can rise from the Moho to shallow crust in time spans of only 104 to 105 years.
Alternatively, melts can rise diapirically from the melting zone of subducting plates to high crustal levels in 105 to 106 years. This approximates the delay between the initiation of subduction and the start of arc volcanicity [Marsh, 1982] .
Previous Studies
The slow translation of spheres through fluids has been thoroughly studied. Hadamard [1911] and Rybczynski [1911] 
The velocity equation for drops rising through power law fluids can be written as (see Appendix A for derivation) 2 (APR)n rn+l V = 9• K n X n . The velocity of a viscous sphere rising through power law fluids may be calculated from (5) if the correction factor X is known. The value of X for solid spheres (called X$ol here), is a known function of n. Equation ( The velocity of spherical diapiric bodies rising through any power law rock may be calculated by (7), (8), and (10). The next section discusses the influence of ellipticity of the drop on the rising velocity as a function of the power law exponent n. Following that we describe the computer code used to explore the effects of power law rheology and lithospherical temperature gradients on diapiric systems.
Velocity Versus E!!ipticity The code considers tile effect of heat softening of the wall rock on the velocity and calculates the cooling of the diapir at each ascent step (a detailed description of the code and the equations used is given in Appendix B). We studied systematic variations in five of the six dimensionless parameters that control ascent and depth of solidification of the diapir. We did not study g'sph because the diapir was assumed to have a viscosity well below that of the wall rock, behaving as an invis½id body. Results fit by the least squares method are presented in Appendix C in the form of an equation that allows calculation of the depth of solidification as a function of all five parameters. To illustrate the use of the program, and to give an idea of the dependence of solidification depth on the several parameters, results for relatively well-known geological systems are presented below.
Application to Selected Geological Systems
The Tara Granodiorite
As a first example, we simulate the ascent of the Tara granodiorite through the Cootlantra granodiorite in southeastern Australia [Miller et al., 1988] . We chose this diapir because the parameters controlling its ascent are relatively well constrained (Table 1) From then on, the diapir cools at approximately the same rate as the geothermal gradient but is 210øC warmer than its wall rocks, and it eventually solidifies at a depth of 15 km. The diapir rises so fast through rocks so hot in the first 7-8 km of ascent that it loses very little heat. As the diapir slows at higher crustal levels, the cooling rate per risen meter increases and the metamorphic aureole widens considerably (fit, Figure 4b 
Time and Velocity Constraints
The velocity and time taken for diapiric ascent derived here fit the few geological constraints available reasonably well. Mahon et al. [1988] argue that granitoid diapirs have to ascend in more than 104 years and less than 105 years. This is because it takes more than 104 years for thermal softening of the wall rock to be effective, and less than 105 years for large diapirs to solidify. This work shows that strain rate is so much more important than thermal softening as to render the lower limit of 104 years hardly significant. The upper time limit is in accord with the solidification time of the diapirs modeled here. Marsh [1982] found that in the subduction zone beneath Scotia, 
where Xy is the yield stress [Byerlee, 1978] . Substituting Thermal softening of the ambient rocks (hot-Stokes models) has surprisingly little influence in the rate of rise of a normal-sized diapir. Thermal softening is negligible during the initial stages of ascent because the temperature contrast between diapir and country rocks is usually small (low ¾ values). By contrast, strain rate softening allows the diapir to rise so fast that it looses very little heat while ascending. As the warm diapir reaches the cooler crust, ¾ increases and viscous drag starts to decrease due to thermal softening. However, this occurs only when the diapir is close to its final solidification level, and its thermal energy is rapidly lost due to the slow ascent rates. The diapir may still be buoyant when it solidifies, and the high temperature difference between it and its wall rock, and its low Pe, may considerably reduce drag so that the crystalline diapir rises considerably faster than expected without thermal softening effects. The velocity in (B 1) does not take account of the drag reduction due to softening of the wall rocks caused by heat released from the rising diapir. Thus the program corrects the velocity in (B1) and the Nu in (B2) for the drag reduction, according to the results obtained by Daly and Raefsky [1985] . Although their solution was derived for ambient Newtonian fluids, we believe it to be a good approximation even for power law wall rocks. This is because the length scale of thermal softening (fraction of a radius) is much smaller than the length scale of strain rate softening (a few radii). No drag reduction is applied in the first step, since the temperature contrast between the diapir and its wall rock is likely to be low during initial ascent. The program calculates ¾ for every subsequent step; T is defined as log 10 of the total viscosity variation due to the temperature gradient from the surface of the diapir to the temperature of the ambient fluid at infinity [Daly and Raefsky, 1985] log 10 e-1/(T'sph-T') . 
Conclusions

